Lactic acid bacteria, either alive or dead, can improve villous atrophy caused by weaning in both piglets and mice. In this experiment, we tried to detect the molecules involved in this phenomenon with a real-time RT-PCR array approach. Weaning pups of mice were administered either a suspension of an Enterococcus faecalis EC-12 dried cell preparation (EC-12) or saline for 11 consecutive days after weaning. The jejunal and ileal villous heights were measured histologically, and the expression levels of 86 genes were analyzed for the jejunal and ileal epithelial cells and the lamina propria (LP). EC-12 induced significantly higher villous height in the jejunum and the ileum. Interleukin (IL)-6, fibroblast growth factor (FGF)-7, -10, and -22, and the platelet-derived growth factor (PDGF) β in the jejunal and the ileal LP were the most enhanced genes by EC-12. The possible role of these molecules in the improvement of villous atrophy is discussed.
Villous atrophy in the small intestine is particularly observed in weaning animals. Several causes for the villous atrophy have been discussed such as the psychological stresses with the separation from mothers and the dietary stresses by change of the dietary components (16) . In the case of piglets, villous atrophy causes a reduction in the absorption of nutrients and in the intestinal barrier function which suppresses growth performance (16) . This is important for livestock production as well as for the care of malnourished children often seen in the Third World, where famines have been repeatedly experienced. Villous atrophy may be caused by the reduced proliferation of intestinal epithelial cells (IECs), which cannot balance physical desquamation and proliferation because small intestinal villi are formed by the upward movement of IECs reproduced in the crypt (19, 35) . At the same time, villous formation requires the proliferation of mesenchymal cells, which support the villous lining (18) . Blood and lymph vessels should be formed within the villi to transport the absorbed nutrients. Therefore, villous formation does not rely on the proliferation of IECs alone, although it is the most important factor. Molecular approaches have revealed that villous formation involves the operation of a cytokine network including the epidermal growth factor (EGF), the fibroblast growth factor (FGF), the platelet-derived growth factor (PDGF), and bone morphogenetic protein (BMP) 2 and BMP4 (1, 13, 19, 21) . In our previous studies using weaning piglets and mice, we showed that live lactic acid bacteria (LAB) or heat-killed cells of Enterococcus faecalis EC-12 (EC-12) improved villous atrophy by oral administration (25) (26) (27) . These findings are in line with those found in the experiments with weaning piglets fed on a liquid fermented feed by lactobacilli (5) . Orally administered LAB react with the mucosal immune system, which induces cytokine production (28) . jejunum, and SI-7, as that of the ileum. Before extraction, the segments were treated as follows to separate the epithelial cells from the mucosa. The segments were longitudinally opened by the mesenteric side and washed with saline to remove the contents. Proximal 1-cm portions of SI-3 and SI-7 were cut into pieces (ca. 3-mm cubes), and the pieces were mixed with a crypt isolation buffer (9) . After 20 min of gentle mixing with a nutating mixer at 37°C with 70 rpm (Miniwave; AS ONE Co., Tokyo), IECs were harvested by centrifugation (700 rpm for 2 min at 4°C). The remaining tissues were transferred to a fresh Crypt Isolation Buffer and incubated for another 10 min to harvest the remaining IECs as indicated above. The collected IECs were washed twice with saline, and remaining tissues were discarded. IECs were subjected to RNA extraction. One-cm portions of SI-3 and SI-7 segments adjacent to the portions used for above mentioned IEC isolation were placed on filter paper. Caution was taken to attach the serosal side to the filter paper. Tissues were fixed on the filter paper with metal staples and soaked in the Crypt Isolation Buffer. After 20 min of gentle mixing as noted above to remove IEC, the tissues with filter paper were placed in the RNA-later ® solution at 4°C for 24 h. Then, the tissues below the muscularis mucosa (mainly the submucosa, the longitudinal and the circular muscles, and the serosa) were removed by hand under microscopy. The remaining mucosal tissue without IEC were designated as the lamina propria (LP) and used for RNA extraction.
RNA extraction and cDNA synthesis. Total RNA was extracted from IECs and LP using the Quick Gene RNA tissue kit S II (Fujifilm Co., Tokyo) as reported previously (11) . Briefly, IECs or LP (both ca. 30 mg) was placed in a 2-mL screw cap tube with a 500 μL lyzing buffer and a zirconia bead (φ 5 mm). IECs or LP was lyzed with a FastPrep tissue lyser (MP Biomedicals, Irvine, CA, USA) at 6.5 speed for 20 s. After removal of the remaining cells by centrifugation (20,000 × g for 3 min) at ambient temperature, the supernatants (350 μL) were recovered. After addition of a nucleic acid solublizing buffer and ethanol, DNA was removed by Dnase I as indicated in the manufacturer's instructions. Total RNA was recovered using a 50 μL elution buffer. Total RNA (200 ng) was subjected to cDNA synthesis using an oligo dT primer and Random hexamers as reported previously (11) .
Inflammatory cytokines, such as interleukine (IL)-6 and IL-12, are the major cytokines produced by the mucosal immune system when stimulated by LAB. These inflammatory cytokines may stimulate the production of other cytokines in a very complex cytokine network within the mucosa which will further induce many physiological responses of the tissue. At present, we do not know what cytokine profiles involved in villous formation is stimulated by LAB. In this study, we tried to detect the molecules such as cytokines and growth factors involved in this phenomenon by the real-time RT-PCR array approach.
MATERIALS AND METHODS

Animals and diet.
Three lactating Balb/c mice were purchased with their pups (18 days old) from Japan SLC (Shizuoka, Japan). Each dam and her pups were housed in a plastic cage for three days. Pups were isolated from their dams 21 days after birth to allow for two groups of 10 pups with the same mean body weight. The origin of pups and their sex were taken into consideration in this grouping. Commercial chow (MR stock; Nihon Nosan Kogyo, Yokohama, Japan) was offered throughout the study. One group of pups received a 100 μL EC-12 saline suspension (100 mg/mL) daily for 10 consecutive days. Oral administration of the suspension was conducted at 10 AM using a feeding tube (Safeed feeding tube; Terumo, Tokyo). This group was designated as group E. As the control (group C), the other group of pups received 100 μL of saline with a feeding tube at the same time. Animals were handled with care according to the guidelines established by Kyoto Prefectural University Animal Experiment Committee.
Sample collection. Pups were euthanized under general anesthesia at 31 days old to collect the entire small intestine. The small intestine was evenly divided into eight segments using a ruler as described previously (11) . The segments were sequentially numbered from the proximal to the distal portion relative to the stomach (from SI-1 to SI-8).
A 5-mm proximal portion of segments SI-3 and -7 was used for histological evaluations. These segments of the small intestine were fixed in 10% neutral formalin and embedded in paraffin wax to prepare 4-μm-thick serial paraffin sections. The remaining segments of SI-3 and SI-7 were used to collect IECs and the mucosal tissues for RNA extraction. SI-3 was designated as the portion of the After preincubation, an EC-12 suspension (20 μg/ mL in RPMI1640 with 5% FCS) was added to wells in triplicate to obtain the final concentration of 10 μg/mL. For the negative control, a blank medium was added to wells in triplicate. The incubation lasted for 20 h. Incubation was repeated three times. After the incubation, cells were harvested and subjected to total RNA extraction as indicated above. RT-real time PCR for Il-6 was performed as indicated above.
Statistical analyses. Either a Student's t test or a
Welch's t test, depending on the results of the F test, was used to analyze the differences among means.
RESULTS
Histological evaluations
The mean villous height (μm) was significantly higher in group E (331.1 ± 10.4) than in group C (274.7 ± 14.6) (P < 0.01) at the position of SI-3. The same tendency was seen at the position of SI-7 (288.5 ± 12.3 vs. 151.7 ± 5.5, P < 0.05) (Fig. 1) .
mRNA levels for cytokines (Table 2) In the IECs isolated from the SI-3, genes such as Fgf2, Fgf10, Fgf22, Il-1a, Il-3, Il-6, Smad4, Bmp4, Notch2, and Notch3 were selected for further individual analyses due to the differences between the groups. In the LP prepared from the SI-3, genes such as Fgf2, Fgf10, Fgf22, Il-6, Bmp2, Bmp4, Bmp8a, Notch2, Notch3, Pdgfa, Pdgfb, and Tgfb2 were selected for further individual analyses. In the IECs isolated from the SI-7, Fgf2, Fgf7, Fgf10, Fgf15, Fgf22, Il-6, Smad4, Notch3, Pdgfb, Igf1, Igf2, and Tgfb2 were selected for further individual analyses. In the LP prepared from the SI-7, Fgf2, Fgf10, Fgf22, Il-6, Notch2, Notch3, Pdgfb, and Tgfb2 were selected for further individual analyses. Other genes did not show differences between the groups with the pooled samples. In the case of IECs from the SI-3, Notch3 was significantly upregulated in group E, showing an 88-time higher expression level than those from group C (P < 0.05). On the other hand, Shh was significantly downregulated in group E, showing a 0.02-time lower level than that in group C (P < 0.05). The levels of other selected genes did not show a significant difference due to variation within the group. In the case of LP from the SI-3, Fgf10, Fgf22, Il-6, Bmp4, Notch2, Notch3, Pdgfa, Pdgfb, and Tgfb2 were significantly upregulated in group E, Real-time PCR. Real-time PCR was performed using a LightCycler 480 (Roche Applied Science, Tokyo). The gene expression of 86 genes, including cytokines, chemokines, signal receptors, and ligands, and growth factors are listed in Table 1 . The probes for evaluated genes were selected at https://www. roche.applied-science.com. First, the expression level of glyceraldehyde 3-phosphate dehydrogenase gene (Gapdh) for all samples was evaluated, and the cDNA samples were diluted with distilled water to obtain the same Gapdh expression level. Then, these diluted cDNA samples for each tissue were pooled in the experimental groups (E and C). PCR was performed with a thermal cycle program with an initial denaturation at 95°C for 5 min followed by 50 cycles of 95°C for 10 s and 60°C for 20 s. In the pooled analyses, the average of Gapdh, β-actin gene (Actb), and hypoxantine-guanine phosphoribosyltransferase gene (Hgpt) expression was used for housekeeping genes. When notable differences (at least 1 cycle difference in delta Ct) between the E and C groups were observed with the pooled samples, these samples were re-analyzed individually by the same method. In the individual analyses, the expression level of Gapdh was used as the housekeeping gene. The values are shown by delta Ct (A subtraction of the crossing point cycle for the house keeping gene from those for the genes analyzed) according to ABI's instruction (http://www.appliedbiosystems. com).
Histological evaluation. Sections of the small intestine (SI-3 and SI-7) were stained with hematoxylineosin, and the villous height was measured under microscope with software for image analysis (Photo measure; Kenis, Tokyo) as described previously (25) .
In vitro culture of murine macrophages with EC-12.
A murine macrophage cell line (J774.1) was used to test whether EC-12 induced Il-6 expression in antigen-presenting cells. J774.1 was cultured to 80% confluence in an RPMI1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented with 5% (v/v) fetal calf serum (FCS), penicillin G (100 U/mL), and streptomycine sulfate (100 μg/mL) under 5% CO 2 at 37°C. The cells were harvested and washed with phosphate-buffered saline (0.1 M) and treated with trypsin (2.5 g/L) in EDTA (1 mM) for 5 min. Cells were resuspended in RPMI1640 with 5% FCS to 5 × 10 5 cell/mL. The cell suspension was dispensed to a 96-well plate (100 μL/well) and incubated for 4 h. 
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Table 1 Primers and probes used in this study
Primers and probes for the genes listed were constructed according to the https://www.roche-applied-science.com/. Numbers for probes indicate the product number of the Universal probe library set (Roche Applied Science).
showing at least several times higher expression level than those in group C (P < 0.05). In particular, upregulation of Il-6 in group E was quite evident, i.e., the mean expression level was 712 times higher than that in group C.
In the case of IECs from the SI-7, Tgfb2 was significantly upregulated in group E, showing a 750-time higher expression level than that in group C (P < 0.05). The other selected genes did not show significant differences between the groups. In the case of LP from the SI-7, Tgfb2, Fgf2, and Notch2 were upregulated, showing 1.5-2.0-time higher expression than those in group C (P < 0.1). The other selected genes, including Il-6, did not show significant differences between the groups.
Il-6 expression in J774.1
In the incubation with EC-12, the delta Ct values (mean ± S.E.) for Il-6 were 4.1 ± 0.1. For the negative control, the values were 7.6 ± 0.8. The difference was statistically significant (P < 0.01).
DISCUSSION
In this experiment, the villous atrophy of the small intestine in weaning mice was successfully prevented by oral administration of EC-12, in accordance with previous reports (26) . The effect of EC-12 was most evident in the expression of Notch3 in the jejunal IECs, Il-6 in the jejunal LP, and Tgfb2 in the ileal IECs. Some of the Fgf and the Pdgf family genes were also upregulated, to some extent, in the jejunal and the ileal LP by EC-12. These molecules are all known to induce the proliferation of epithelial cells, and many are involved in the morphoneogenesis of intestinal villi (19, 29, 30, 33) . The significant upregulation in Il-6 in the LP is interesting and suggests a possible role of EC-12 in the prevention of villous atrophy. IL-6 is an inflammatory cytokine which is secreted mainly by antigen-presenting cells through stimulation by liposaccharides and/or peptideglycan (22) . It was confirmed in this experiment that Il-6 expression of the murine macrophage cell line J774.1 was significant- Values are means ± S.E. for 10 animals. ***P < 0.01, **P < 0.05, *P < 0.1 IEC, intestinal epithelial cells; LP, lamina propria; SI-3 and SI-7, see text. deltaCt is calculated by subtraction of Ct value of house keeping genes (GAPDH) from the gene tested. Smaller values idicate higher expression level.
of epithelial cells (31) and promotes the recovery from intestinal ulcers (8) . It is noteworthy that FGF10 accelerates the proliferation of murine IEC via phospholyration of Raf and Akt (23) . Therefore, FGF10 must be involved in villous formation and probably in protection from villous atrophy. FGF22 is another growth factor belonging to the FGF7 family which is highly expressed in keratinocytes when the skin is damaged (2, 15) . Accordingly, the upregulation of these FGFs in the jejunal and ileal LP in group E is another key step in the prevention of villous atrophy, in addition to IL-6. This speculation is further supported by the observation that proliferation and differentiation of epithelial cells are induced by the co-existence of fibroblasts, one of the main components of the mesechyme (10).
The intestinal LP in both villous and crypt regions possesses the specialized myofibroblasts, intestinal subepithelial myofibroblasts (18) . The myofibroblasts are known to induce the proliferation and differentiation of IECs (4, 17) , while the proliferation of the myofibroblasts is induced by PDGFβ (12) . An enhanced expression of PDGFβ in the jejunal and ileal LP by EC-12 may induce the proliferation of subepithelial myofibroblasts, further supporting the proliferation and differentiation of IECs. Improvement of villous atrophy requires the proliferation of not only IECs but also mesenchymal cells because the proliferation of IECs without the proliferation of mesenchymal cells does not support the normal shape of villi (19) . Therefore, the presently detected cytokine balance created by EC-12 induces the proliferation of IECs and mesenchymal cells, which supports the formation or recovery of intestinal villi. Since mesenchymal antigen-presenting cells are most likely responsible for IL-6 production after stimulation by EC-12, IL-6 may be the first key molecule to activate the fibroblasts (24) in order to induce FGF and PDGFβ production. Obviously, IECs are the other possible target of orally administered EC-12. However, IECs do not produce IL-6; therefore, IECs receive the stimuli generated from mesenchymal cells.
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